An efficient and accurate thermo-fluid-coupled analysis is the basis of structure design and optimization for high-heat-flux components in neutral beam injection system of Experimental Advanced Superconducting Tokamak and has an important significance of exploring the optimal structure of components and realizing the temperature control of components at a high-parameter steady-state condition. In this article, take the calorimeter in the Experimental Advanced Superconducting Tokamak-neutral beam injection system on the thermal inertia principle, for example, an accurate numerical solution method of thermo-fluid-coupled analysis based on the turbulent heat transfer is established and combined with the near-wall function model, and the working characteristics of three-dimensional calorimeter plate under different deposited beam powers are simulated and analyzed. The temperature distribution of solid structure and corresponding flow field under given cooling condition is calculated. The results obtained by the proposed method coincide well with experimental results, which validate this method. This study provides a potentially useful method for thermofluid-coupled analysis and structural design of other high-heat-flux components in the Experimental Advanced Superconducting Tokamak-neutral beam injection system.
Introduction
Neutral beam injection (NBI) is an important auxiliary heating and maintaining method with the highest heating efficiency and clearest physics mechanism for Tokamak and has been used in the world's first Experimental Advanced Superconducting Tokamak (EAST) designed and developed by China. 1, 2 The principle of NBI system is that high-energy charged particles were transformed into neutral particles to be injected into Tokamak to heat the plasma and to maintain the heating temperature. Therefore, there are many high-heat-flux (HHF) components inside the NBI system. For example, the calorimeter which was used to absorb and measure the beam energy, and to get the transient energy profile by the thermocouple, is a typical HHF component. It is very important to establish an efficient and accurate heat flow coupling analysis method for these HHF components of the EAST-NBI system to explore the optimal structure and obtain accurately working characteristics of the structure under different beam parameters, which could be the significant reference and guidance of the experiments of the NBI system.
Thermo-fluid coupling analysis and structure optimal design of HHF components of the NBI system have been one of the research hotspots in the field of nuclear fusion, and most of the researchers have conducted in-depth study and obtain lots of important results. The engineering design including thermal hydraulics for cooling and baking of all the plasma-facing components (PFCs) using finite element analysis of ANSYS software package for the SST-1 is completed, and the results of the thermofluid-coupled analysis led to a good understanding of the flow behavior and the temperature distribution in the tube wall and the different parts. 3 For the vertical targets of the International Thermonuclear Experimental Reactor (ITER) divertor, a hypervapotron cooling concept armored with flat tiles was considered, the promising predictive three-dimensional (3D) simulations model both the two-phase flow and the solid heat conduction within the hypervapotron structure with thermo-fluidcoupled analysis method of Neptune CFD and Syrthes was done. 4 For the domestic-related fields, the flow-solid coupling heat conduction model of water pipes is used to analyze the heat dissipation situation of outside target in the form of turbulent flow, after establishing the cooling structure of EAST tungsten divertor. 5 The numerical analysis using the thermo-fluid-coupled method for the ion dump of EAST-NBI system is also presented, which provided a useful tool for the structure optimum design of ion dump and guided the experiments. 6 In this article, according to the structural features of calorimeter of EAST-NBI system, an accurate heat flow coupling analysis and numerical computation method on turbulent heat transfer basic theory were established to realize the simulation of 3D working characteristics of calorimeter under different beam power deposition parameters. By comparing with the experimental measurements results, the analysis method and simulation results were checked, and the accuracy of the assumption and presuppositions in theoretical calculation were verified.
Calorimeter structure of EAST-NBI system
According to the working principle and engineering operational requirements of EAST-NBI system, calorimeter was fixed in the third spool of the vacuum tank and should be able to measure the condition parameters on the working status and the beam channel on the non-working status. The plate of the calorimeter of EAST-NBI can be able to achieve the measurement of beam parameters (beam power of 2-4 MW and the corresponding measurement time of 0.5-1 s). As shown in Figure 1 , the calorimeter of EAST-NBI used the Vshaped structure composed of two splicing plates and adopted water flow calorimetry system to calculate the total deposition power with cooling water flowing inside the plate (the total mass velocity is 0.7 L/s). The size of the structure is as follows: the length of each plate is 867 mm, the width is 480 mm and the thickness is 15 mm. The layout of the cooling water tube consists of six rows with a distance of 45 mm between each line, which is embedded on the plate with the depth of 5 mm from the back of the calorimeter plate, and the diameter is 15 mm for one single tube. The opening angle of the V-shaped structure is 5°, and the plate was bending by an angle of 15°with the center line.
Thermo-fluid-coupled method for EAST-NBI calorimeter
In this section, the control equations for turbulence and convective heat transfer of calorimeter plate will be established. The structure model is simplified and assumed as follows: (1) the fluid is a steady-state flow with no heat source inside, (2) the fluid is incompressible flow, and (3) the natural convection and thermal radiation are neglected.
The mass conservation equation
The increase in the quality of fluid in the unit of time is equal to the net quality inflow of the element at the same time interval, that is Here, r is the density and u, v, w are the three velocity components of velocity vector U in three coordinate directions of x, y, z, respectively.
The momentum conservation equation
Applying Newton's second law in three coordinate directions of x, y, z in the unit volume and introducing Newton shear stress formula and Stokes formula, the momentum conservation equations are as follows
Here, F x , F y , F z are the three volume forces in three coordinate directions of x, y, z, respectively; m is the dynamical viscosity; l is the second molecule viscosity; and p is the pressure of the fluid.
The energy conservation equation
The increase value of energy for the unit volume is equal to the net heat plus the power volume force done to the unit volume, and introducing Fourier's Law, the energy conservation equation of the ideal fluid is as follows
Here, T is temperature of the fluid, l is the conductive coefficient of the fluid, and S T is the dissipation of viscosity.
For the actual process of heat transfer convection, the thermal-physical properties are the function of the temperature, thereby the velocity distribution and the temperature profile are impacted each other. In order to close the above equations, the physical property equation is induced to research the coupled relationship between velocity and temperature. Here, the fluid is a homogeneous thermodynamic system and is in the equilibrium state, so the specific form of the state equation is as follows
Turbulent numerical simulation is carried out by adopting Reynolds time-averaged equations with the turbulent viscosity coefficient method using the k À e two-equation turbulent viscosity with turbulent viscosity and turbulent time-averaged parameters. The equations about turbulent dissipation rate e based on the turbulent kinetic energy equation are introduced, in order to characterize isotropic small-scale vortices mechanical energy conversion to heat rate. The turbulent dissipation rate e and turbulent kinetic energy k are used to describe the turbulent viscosity, namely
The turbulent kinetic energy k and the turbulent dissipation rate e could be described in tensor language as follows
Here, C m , C 1e , C 2e , and C 3e are constants of the model; s k and s e are the turbulent Prandtl numbers for K equation and e equation, S k and S e are the user-defined parameters. G k is the generation term due to the mean velocity gradient induced by the turbulent kinetic energy, and G b is the generation of turbulent kinetic energy induced by buoyancy. The k À e turbulence model is essentially a high-Re number turbulence model, which is only suitable for describing the flow in the core area of the turbulent flow. In order to describe the flow in the near-wall region accurately, the wall function method is introduced in this article. 7 Combined with a high-Re number model, a set of semi-empirical formula is used to relate the physical quantity of the wall surface and the corresponding physical quantity of the core area of the turbulent flow. It is not needed to encrypt the wall surface area at gridding when the wall function method is adopted, which only needs to be arranged in the first inner node to be fully developed. As shown in Figure 2 , the shadow part is the effective area of the wall function formula, and the outer shadow of the grid area is the area solved by the k À e number model in high Re number.
Using wall function method, the logarithmic distribution law of time-averaged velocity u Ã can be expressed as follows
Here, k is the von Ka´rma´n constant, E is the empirical constant, and y Ã is the dimensionless distance distribution 
where k p is the turbulent kinetic energy of internal node P, y p is the distance from internal node to wall surface, and m is the dynamic viscosity of fluid. The corresponding wall shear stress can be expressed as follows
where u p is the time-averaged velocity of node P. In order to establish the relationship between the temperature of the grid node and the wall physical quantity, the parameter T Ã is defined as follows
Here, Pr t is the turbulent Prandtl number
where Pr is the molecular Prandtl number, and l f is the thermal conductivity coefficient of fluid. Then, the solution to the above equations is dispersed and can be solved by the finite volume method. The algorithm of turbulent convective heat transfer of calorimeter is shown in Figure 3 .
Numerical simulation and experimental verification

Thermo-fluid-coupled simulation for EAST-NBI calorimeter
In this study, the grid of main body of copper plate is Tgrid, and the fluid region using copper Hex grid as shown in Figure 4 . The material of main body is . The heat flux loaded into the wall surface is assumed constant. According to the beam transmission characteristics of NBI system, the power distribution of the X and Y directions on the calorimeter plate is Gauss distribution as shown in Figure 5 . When the extraction ion beam power of ion source is 4 and 2 MW, the corresponding beam power density distribution on heat flux surface is shown in Figures 6 and  7 , respectively. The normal working pressure of the NBI cooling water system is calculated as the upper limit of the inlet pressure of the 0.3 MPa (the corresponding inlet velocity of 7 m/s).
Considering the Gaussian distribution of the beam extraction profile, the maximum temperature on the heat-loaded surface of plate changing with pulse length is obtained by heat flow coupling method as shown in Figure 8 . Set the soften temperature of copper (573 K) as the temperature upper working limit of the plate during calculation, the maximum pulse length under different extraction powers is obtained without deflection magnets on, which is 1.2 s corresponding to 2 MW and 4.6 s corresponding to 4 MW. When the neutral beam generated, the maximum pulse length under different extraction powers is obtained with deflection magnets on, which is 2.7 s corresponding to 2 MW and 12.3 s corresponding to 4 MW. At the beam power of 4 MW with heating time of 500 ms, the temperature distribution of the heat-loaded surface on the calorimeter plate with 90% of the ion beam deposited is shown in Figure 9 , and the maximum value is 468 K. The maximum temperature of the heat-loaded surface of plate changing with time is shown in Figure 10 . If the beam is switched off for 120 s, the surface temperature of the plate could recover to the normal temperature state at 297 K. And also, as shown in Figures 11 and 12 , at the Gaussian beam extraction power of 2 MW with heating time of 1000 ms, the maximum value is 426 K and is recovered to the normal temperature state (297 K) after the beam is stopped for 120 s.
It can be seen from Figures 9-12 that the temperature of the heat-loaded surface on the working condition is much lower than the softening temperature, and the cooling tubes could effectively control the rising temperature. However, the distribution of temperature is not uniformity and quite similar to the profile of the heat flux, so how to avoid the problem of thermal stress caused by long and repeated working condition will be the next step we need to pay more attention on. 
Experimental verification
In order to verify the feasibility of this simulation method of calorimeter, the corresponding test was carried out in EAST-NBI test facility. The water inlet pressure of the cooling water system is set to 0.1-0.4 MPa during the experiment and the inlet temperature is set equal to the ambient temperature (293 K). The temperature measuring points are arranged on the two plates of the calorimeter, and the left and right plates are symmetrically distributed, as shown in Figure 13 . The experimental conditions of beam extraction experimental shootings No. 26240 are as follows: the high voltage is 60 kV, the arc current is 34 A, and the beam extraction power is 2.04 MW with 1000 ms of pulse length, and the corresponding peak power density on the heat-loaded surface is 4.9 MW/m 2 , the inlet pressure It can be seen from Figures 14 and 15 that the results of the experiment are consistent with the simulation, which shows that the numerical calculation model proposed by this article is reasonable and the calculation accuracy is high. By calculation, the maximum error is controlled within 10%, which is mainly due to the influence of the factors such as radiation, two electron bombardments, and the thermal resistance of the local welding point on the contact resistance.
Conclusion
In this article, the basic theory and numerical simulation of thermo-fluid-coupled analysis method for the EAST-NBI calorimeter on the thermal inertia principle based on the turbulent heat transfer is established, and combined with the near-wall function model, the working characteristics of 3D calorimeter plates under different deposited beam powers are simulated and analyzed. The temperature distribution of solid structure and corresponding flow field under given cooling condition are calculated. The results obtained by the proposed method coincide well with experimental values, which validate this method.
The temperature of the heat-loaded surface on the working condition is much lower than the softening temperature, and the design scheme of the calorimeter plate with the inertia heat transfer method can effectively realize the temperature rise control but could not usefully change the uniformity of the temperature distribution. The corresponding thermal stress damage under prolonged load condition will be possible to bring the potential impact to the safe operation of the system. As a result, realizing the structure design optimization of EAST-NBI calorimeter is the problem to be solved in the next step. This study provides a potentially useful method of thermo-fluid-coupled analysis and structural design of other HHF components in the EAST-NBI system. 
